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provide depth-resolved characterization of the 
dental tissue, the polarization diagnostics may 
be incorporated into optical coherence domain 
reflectometry and optical coherence tomography 
(OCDR/OCT) systems, which enables identifi- 
cation of subsurface depolarization sites associ- 
ated with demineralization of enamel or bone. 
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OPTICAL DETECTION OF DENTAL DISEASE USING 
POLARIZED LIGHT 

The United States Government has rights in this invention 
pursuant to Contract No. W-7405-ENG-48 between the United States 
Department of Energy and the University of California for the 
operation of Lawrence Livermore National Laboratory. 

5 BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to the detection of dental disease 
using polarized light by optically measuring the depolarization of 
incident light backscattered from dental tissues. 

10 Description of Related Art 

Dental caries, or tooth decay, is a pathological process of 
destruction of tooth structure by oral microorganisms/which can 
lead to tooth loss if untreated . In coronal caries, lesions begin in the 
enamel and cause demineralization of the enamel. This 

15 demineralization changes the scattering properties of the enamel, 
resulting in chalky or ''white spot" lesions visible when the caries 
occurs on smooth, unstained enamel surfaces. If the carious lesion is 
detected before it reaches the dentin, remineralization is ' still 
possible. After the carious lesion has reached dentin, however, 

20 inflammation of the puljToccurs, requiring a filling and leading to 
serious tooth decay and eventual tooth loss if untreated. Restorative 
dentistry is most effective when the progression of caries is detected 
early before it reaches the dentin. 

Current techniques for diagnosing caries are visual inspection, 

25 mechanical probing with a sharp dental explorer, and radiographic 
imaging. The tooth can be tactilely and visually explored to 
determine the presence of indicators of tooth decay such as surface 
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irregularities, crevices, or discoloration. However, the practice of 
probing all accessible tooth surfaces with a sharp explorer is coming 
under increased scrutiny since it can further damage enamel already 
weakened by decay and may also cause cross-contamination 
5 between teeth. As tooth decay primarily affects the region of 

calcium below the tooth surface, detection of caries before significant 
damage occurs in the tooth is very difficult. 

By the time caries is evident under visual and tactile 
examination of the tooth, the disease is usually in an advanced stage, 

10 requiring a filling and occasionally leading to tooth loss. As a 

consequence of conservative diagnoses and treatment, there are false 
positives leading to unnecessary drilling and placement of 
restorations in healthy teeth. Currently there ' is no accurate device 
for determining whether restorations are in heed of replacement, 

15 resulting in enormous costs from the unnecessary replacement of 
good restorations and complications such as root canals from not 
replacing defective or aged restorations. [ 

Radiography is often used fordetection of cavities, since it 
provides integrated views of tooth structure that in certain 

20 orientations can isolate carious lesions. The sensitivity of 

radiographic systems, however, is limited by visible changes in film 
density, making identification of small carious or precarious regions 
difficult. Since radiographs are two dimensional, precisely locating 
the position of such decay is impossible. Moreover, due to the 

25 orientation of the x-ray imaging, only interproximal lesions (between 
the teeth) are easily detected, while early occlusal lesions (top of the 
tooth), are difficult to detect. In addition, radiography uses harmful 
ionizing radiation. 

Given the disadvantages of current detection techniques, a 

30 need exists for a device that provides safe, early diagnosis of caries. 
This invention applies the technique of polarimetry to image dental 
hard tissue and detect the presence of caries based on the 
depolarization of incident light. The invention also has the potential 
for (detection of disease in bone. . 

35 Polarimetry is a well-established tool for non-invasive 

material characterization and involves comparison of the 



WO 00/693133 PCT/US00/13878 

-3- 

polarization states of light before and after the light interacts with 
the material. The use of polarized light for characterization and 
imaging of highly scattering media, such as biological tissue, has 
been studied. The effect of scattering on the polarization state of 
5 light has been found to be useful for imaging of surface or 

subsurface structures in scattering media, and for transmission 
imaging of deep structures. See Rowe et al v "Polarization-difference 
imaging - a biologically inspired technique for observation through 
scattering media", Optics Letters 20:608-610 (1995). It has also been 

1GL shown that the scattering parameters of turbid tissue, including the 
scattering coefficient and anisotropy factor g, can be determined 
from diffusely scattered polarized light, fee Hielscher et al, 
"Diffuse backscatteririg Mueller matrices of highly scattering 
media", Optics Express 1:44 1-453 (1997).' 

15 Polarimetry may be combined with a second method, optical 

coherence domain reflectometry (OCDR), which was developed as a 
high resolution ranging technique for characterization of optical 
components and was based on bulk optics. ' See Ypungquist et al., 
"Optical coherence-domain reflectpmetrv: a new optical evaluation 

20 technique". Optics Letters ^t^^^ 1 '^^ The fi?st fiber optic 
based OCDR system was conducted by trie tjC'S. National Bureau of 
Standards for micrb-opHc technology. See Danielson et al., "Guided- 
wave reflectometf y with micrometer resolution", Applied Optics 
26(14j:2836-2842 (1987). 

25 OCDR uses a low coherence Michelson interferometer to 

■ probe the sample, generating reflection signals as a function of 
depth. When the probe beam is trans versed across the sample, a 
series of axial scans can be stacked together to form a high-resolution 
two-dimensional optical coherence tomogram. See Lee et. *al, 

30 "Profilometry with a coherence scanning microscope", Applied 

Optics 29(26):3784-37&$ (1990). Optical coherence tomography '"]\ 
(OCT) was developed to produce cross-sectional images brbiological 
microstructure by combining transverse scanning with a fiber optic 
OCDR system. See Huang et al, "Optical Coherence Tomography", 

35 Science 254:1178-1181 (1991). U.S. Patent No. 5321,501 discloses the 
general means for construction of ah OCT system, specifically as it 
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applies to OCT imaging of the eye for diagnosis of ocular diseases. 
U.S. Patent No. 5,459,570 discloses OCT imaging of biological tissue, 
including measurement of tissue optical properties and the use of 
polarization sensitive OCT (PS-OCT) to measure tissue birefringence. 
These OCT devices provide imaging in the eye and circulatory 
system. 

PS-OCT has also been used for measuring birefringence in 
teeth in an unsuccessful attempt at caries detection. This attempt 
was unsuccessful because: caries causes light to become depolarized 
by changing the scattering coefficient of the enamel rather than 
significantly affecting the^birefringence of the enamel. See 
Baumgartner et ah, '-Optical coherence tomography of dental ». 
structures", Proc. SPIE 3248; ; Lasers in Dentistry IV, John D. 
Featherstone, Peter Rechmann, Daniel S. Fried, eds., pp. 130-136 
(1998). , 

The application of OCT for dental applications was pioneered 
by the University of California at Lawrence Livermore National 
Laboratory.: U.S.. Patent No. 5,570,182, assigned to, the University of 
California, discloses the use of QCTior diagnosis of. dental caries 
and periodontaldiseases. Copending U.S. patent application Serial 
No. 09/315,000, assigned to the same assignee, describes a dental 
explorer device for detecting caries and periodontal disease using 
OCDR, and, is incorporated herein by reference. In order for OCT to 
be practical and convenient for clinicians to use on patients, an 
OCDR dental device was developed in the form of a hand-held, 
portable explorer tool for non-invasively probing teeth and other 
dental tissues. The OCDR explorer was designed to safely and 
accurately collect intraoral OCT images of dental tissue and 
microstructure in vivo for evaluation of dental health. 

The capabilities of the dental explorer device have been 
further expanded and improved in the present invention by the 
incorporation of polarization sensitive diagnostics. The invention 
uses PS-OCT to measure the. depolarization of light associated with 
optical scattering, rather than changes in polarization state associated 
with birefringence, to detect demineralization and caries. By taking 
advantage of the ability of polarimerry to both image tissue and 
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detect changes in its scattering properties, a powerful diagnostic tool 
has been developed for detection of carious lesions. 

SUMMARY OF THE INVENTION 
This invention provides an optical technique and dental tool 
5 v that use polarized light for early, non-invasive, and effective 

diagnosis of the state and structure of hard biological tissues (e.g., 
teeth and bone). The invention is particularly suited for detection of 
precarious and carious lesions, and may be useful for evaluation of 
dental restorations. The method is based on optically detecting the 

10 ^ change in polarization of the incident light backscattered from dental 
tissues. In particular; the demiheralizatirin of tooth enamel that is 
the precursor to caries disease modifies the scattering properties of 
the tissue, resulting in depolarization of the incident light, which is 
then detected by the optical imaging system. 

15 In the present invention, the tooth (or other mineralized 

tissue) is irradiated with polarized light having a selected or known 
polarization state, either circular, linear, dr elliptrcal. Light 
backscattered from the tooth is Men^iiialyzed using optical 
polarimetry td-dete*mine4ts degree 6f f polarization- -'The tooth can 

20 also be irradiated -with multiple £d~af iz^ tiort to 
differentiate between changes in polarization state associated with 
bifef ringenceiarid 'depolarizations r' D^pth-r^solved- images of the ■? 
f: demineralization of the enarnel 6m be-6btained based on either the 
temporal or spatial coherence oftth^inddent light by using optical 

25 ^ coherence domain reflectornetry oricbnfocal imaging, respectively, 
and incorporating polarirnetry. -Depth-resolved information about 
the depolarization is useful as it enables identification of subsurface 
precarious and carious lesions and minimizes the effects of fresnel 
reflections from the front surface of the tooth, which can make the 

30- results more difficult to interpret ■ ' '. 

The polarization sensitive optical imaging system can 
incorporate a dental explorer tooli' which contains one or more 
optical fibers that independently couple light from the optical 
imaging system to the tip of a dental probe. The probe is placed 

35 against the tooth (or hard tissue), and light from the fiber at the tip of 
. the probe is directed into the enamel. The light reflected or 
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backscattered from the tissue is then collected by an optical fiber and 
detected by the optical imaging system. In a preferred embodiment, 
the polarized light is delivered and collected using a polarization 
sensitive OCDR system, which provides a single point profile of 
5 . optical scattering (and thus tissue microstructure) as a function of 
depth. 

The OCDR system consists of a light source split by a 
beamsplitter or fiber optic coupler into a sample arm and reference 
arm; Reflected or backscattered light from the tissue is collected in 

10 the sample arm and detected by heterodyning with the light in the 
reference arm. Only the photons in the sample arm that have 
traveled the same optical path length a5'the ; photbr^4n^lJiie-r6felrence 
arm (within the coherence length of the source) generate a 
heterodyne signal. Thus/ by varying the path length of the reference . 

15 beam and recording the amplitude of the heterodyne signal, the 
OCDR system measures the Scattering coefficient of the tissue as a 
function of depth. By moving the dental probe transversely across 
the tissue, the clinician can obtain a series of profiles of tissue 
microstructure. These profiles are combined to form a cross- 

20 sectional, or optical' coherence tomography (OCT), image of the 
region of interest in the oral cavity. -The polarization Sensitive 
OCDR/OCT systems provide images of polarization state as a 
function of depth. . -7 -yrv ^ A 1 

v.* The object of this invention is to provide a dental tool that 

25 uses the depolarization of incident light to detect changes in the , 

tissue microstructure that are indicative of disease. Another object of 
the invention is to provide a dental tool that combines polarimetry 
and optical coherence domain reflectometry: It is further an object of 
this invention to combine polarimetry with optical coherence 

30 tomography to generate depth-resolved images of the degree of 
polarization of light passing through tissue as a function of tissue 
depth. The invention uses PS-OCT to measure the depolarization of 
light associated with optical scattering,, rather than effects due to 
birefringence. This invention is particularly suited to detecting the 

35 demineralization of teeth associated with caries, and may be useful 
for detecting demineralization of other mineralized tissues, such as 
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bone. Other objects and advantages of the present invention will 
become apparent from the following description and accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
5 The accompanying drawings, which are incorporated into 

and form part of this disclosure, illustrate embodiments of the 
invention and together with the description, serve to explain the 
principles of the invention. ■.. , 

Figure 1 shows a polarimetric imaging system used in the 
10 present invention. 

Figure 2 shows a polarization sensitive optical imaging . 
system using optical coherence domain reflectometry with bulk • 

optics. • v \" . • ; • . '' 

. Figure 3 shows a fiber optic based polarization sensitive 
15 optical imaging system used in the present invention. 

Figure 4 shows an embodiment of a hand-held fiber optic , 
dental probe according to the present invention. 

Figure 5 shows ah embodiment of an optical polanmetry 
imaging system used in the present invention. ; 
20 Figure 6 shows a plot of extinction ratio as ; a function of 

transverse position for demineralized tooth enamel and normal , 
enamel.:; .... . ? . 

DETAILED DESC RIPTION OF THE INVENTION 
The preserit'mveMorilis^^ntail tool and optical method for 

25 detection of: caries by;measuringihe^epblarization of light 

backscattered from hardHental tissue 1 ; such as enamel- Polarized 
light is directed at the dental tissue" to be^examined, and the light 
backscattered from the tissue is r; then collected and the change in its 
polarization state measured. The polarization state of the 

30 backscattered or reflected light can be analyzed either using optical 
polarimetric imaging techniques or using polarization sensitive 
optical coherence domain reflectometry (PS-OCDR) and optical : 
coherence tomography (PS-OGT) systems, which measure the 
depolarization as a function of tissue trai\sverse position and depth. 

35 The light used for probing the dental tissue is in the visible or near- 
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ihfrared (e.g., >700 nm), thus avoiding the ionizing radiation used in 
radiography. 

The present invention is particularly useful for detecting 
precarious and carious lesions. Ah indicator of caries is 
5 demineralization of the enamel, which causes large-angle scattering 
and changes the scattering coefficient of the enamel. This scattering 
affects the polarization state of the light scattered or reflected back 
from the tooth. Specifically, light scattered from normal enamel 
remains polarized, while light scattered from demineralized enamel 

10 becomes depolarized. The invention measures the polarization state, 
or amount of depolarization; of the backscattered light, thereby 
detecting the degree of ^mineralization in the enamel. Optical 
polarimetry using "a CCD camera and polarizers is useful for 
imaging of surf ace caries and images a number of teeth 

15 simultaneously, while PS^OCDR or PS-OCTT systems provide depth 
resolution, improving the sensitivity of the system to caries and 
enabling identification of subsurface demineralization sites. Depth- 
resolved imaging can also be adiiev^d through cbrifockl imaging. 
Confocal optical imaging s^sfems are known in the art (e.g., see U.S. 

20 Patent RE32,660 tblinddw et al^ ; 

Figure 1 shows an embodiment of a polarimetric imaging 
system used in accordance with thfe present invention. The sample 
10, such as a tooth, is illuminated by a low coherence light source 12 
followed by a polarizer 14, an optional wave plate 16, and a 

25 collimating lens 18. The polarizer i4 and collimator 18 cause an 
incident beam of polarized light to be focused on the sample 10, 
while the wave plate 16 makes the polarization state adjustable. The 
incident beam has a known polarization state. Any polarization 
state can be used: circularly 1 polarized, elliptically polarized, or 

30 linearly polarized. A series of different incident polarization states 
can also be used sequentially . The uise of a sieries of polarization 
states makes it possible to discriminate the changes in polarization 
associated with depolarization from birefringence-induced 
polarization chainges. 

35 The reflected scattered light from the illuminated sample 10 

passes through a wave plate 20 and polarizer 22, and then is imaged 
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onto a detector 24, such as a CCD camera or photodetector. An 
optional optical bandpass filter 26 may be inserted after the polarizer 
22, as shown. The bandpass filter 26 is used to select the wavelength 
band for optimum discrimination between normal enamel and 
5, carious lesions. The polarizer/wave plate combination selects the 
appropriate polarization states to be detected by the detector 24. 

The sample is imaged twice by the detector 24, once with the 
poiarizer 22 in front of the detector 24 oriented to pass horizontally 
polarized light, and once with the polarizer 22 passing vertically 

10; polarized light. The two polarization states could also be measured 
simultaneously, using two detectors or CCD cameras. The two 
images are processed by an analyzer 28, which includes a computer. 
A third image is generated by the analyzer 28, which displays, the 
amount of depolarization occurring at each location on the surface of 

15 each sample, by taking the ratio or a related mathematical function 
of the two images (for instance, the difference of the two images over 
the sum of the two images). If the tooth is illuminated sequentially 
with a series of polarization states^ this, process would be repeated ^ 
for each incident polarization state, and the depolarization is 

20 determined based on all of the images. These measurements are , 
ratiometric and thus should be relatively unaffected by 
environmental factors such as changes, in the light intensity. Such a 
system is easily incorporated into a camera system designed for the 
oral cavity. ^ 

25 This polarimetric imaging system can detect demineralized 

enamel at the surface of a sample, tooth. In some cases, the enamel at 
the surface remineralizes as the caries progresses into the tooth , 
towards the dentin, which reduces surface effects of the lesion. X- 
ray radiography, which uses harmful ionizing radiation, is currently 

30 the only available technique for detecting these subsurface lesions. 

The polarimetric technique of the present invention, when combined 
with depth-resolved imaging techniques such as optical coherence 
domain refiectometry (OCDR) and optical coherence tomography 
(OCT) or confocal imaging, can also detect these subsurface caries. 

35 Figure 2 shows an embodiment of a polarimetric, depth- 

resolved optical imaging system based on OCDR/OCT using bulk 
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optics. This system has a light source 30 that produces an incident 
beam of light that is collimated using optics 32 and polarized by a 
polarizer 34. The source 30 is typically a broad bandwidth (on the 
order of 50 nm) amplified spontaneous emission ( ASE) source such 
5 as a superluminescent diode or fiber ASE source operating in the 
visible or near infrared. The polarized light is split by a non- 
polarizing beamsplitter 36 into a reference arm 38 and a sample arm 
40 of a Michelson interferometer. The sample beam may pass 
through a wave plate 42 and optics 44 before illuminating the area of 

10 interest on the sample 46. The wave plate 42 (or retardation plate) in 
the sample arm 40 controfs the state of polarization of the light 
incident on the sample 46 and makes it possible to illuminate the 
sample with a series of different polarization states sequentially. 

The reference arm 38 provides a variable optical delay. The 

15 reference beam is directed to a reference mirror 48, which is 

translated in the direction of beam propagation to vary the path 
length. The reflected beam l from ^ tHe reference mirror 48 and the 
backscatterecl light from the sample 46 are" recombihe<d by the 
beamsplitter 36. A polarizing cube (or beamsplitter) 50 splits the 

20 recombined beam into its horizontal and vertical polarization 

components, which are then focused by optics 52 and coupled by 
single mode fibers onto two photodetectors 54. A quarter-wave 
plate 56 set at 22.5° tp the horizontal in the reference arm 38 rotates 
the linear polarization of the returning light by 45° such that it is 

25 split evenly between the two detectors 54. This" quarter-wave plate 
could be replaced with any polarizing optic which causes equal 
amounts of light to be in the vertical and horizontal polarization 
states. 

The information recorded by the detectors 54 is then 
30 processed by an analyzer 62. Depolarization is quantified by the 
analyzer by measuring the relative intensities of the heterodyned 
signals in the two orthogonal polarization states. Backscattered light 
from the tissue is collected in the sample arm and measured as a 
function of depth in the tissue by varying the reference arm path 
35 length while the measuring the heterodyne signal. A heterodyne 

signal is generated when the light in the sample arm has traveled the 
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same optical path length as the light in the reference arm within the 
coherence length of the source. Thus, by varying the path length of 
the reference beam and recording the amplitude of the heterodyne 
signal on each detector as a function of path length, the OCDR 
5 system measures the amount of light backscattered from the tissue 
and its polarization state as a function of transverse position and 
depth. 

Adding transverse scanning to the sample arm results in a 
polarization-sensitive OCT system, generating two-dimensional 
10 cross-sectional maps of the polarization state of the light within the 
sample. A series of one-dimensional scans are combined to create 
two-dimensional intensity and polarization plots. The acquisition 
times for cross-sectional images are less than one minute, and 
typically on the order of seconds. This approach provides depth- 
15 resolved information about depolarization and therefore facilitates 
the identification of subsurface sites of demineralization. Transverse 
scanning mechanisms are described in co-pending U.S. patent 
application, Hand-Held Dental 'Ira^^'^i^i^ Mnal No. 
60/116885, co-assigned to the ; samp r ^i|^j whicK is incorporated 
20 herein by reference. 

An alternative embodiment of the polarization sensitive 
OCDR/OCT system would eliminate the axial scanning, and instead 
simply modulate the pathlength of the reference arm a distance on 
the order of a few ;l microns .or less. This system would then measure 
25 the depolarization of the incident light backscattered from : a fixed' 
depth in the tissue. : 

The OCDR/OCT system" described above for Figure 2 is a 
bulk optic system and therefore not easily deployable for in vivo use 
in a dental office. A more practical system offers ease of use and 
portability, such as a fiber optic based system. A fiber optic 
polarization sensitive OCbR/OCT system follows trie same 
principles as the system shown in Figure 2, but using polarization 
maintaining (PM) fibers ancl replacing most of the bulk optic 4 
components with in-line fiber optic components. 
35 Figure 3 shows a diagram of a fiber optic based polarization- 

sensitive OCDR/OCT system suitable for in vivo measurements. The 
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bulk optic polarizers and beamsplitter shown in Figure 2 are 
replaced with an in-line fiber optic coupler or beamsplitter and in- 
line polarizers, and the free space between the components replaced 
with PM optical fiber 58. The reference arm length can be varied 
5 with a retro-reflector (or mirror) 60 driven by a galvanometer. The 
detectors, wave plates, and collimating lenses remain the same as in 
Figure 2. The only significant alignrheht required is the coupling of 
light from the reference arm fiber onto the retro-reflector 60 and then 
back into the fiber. Even this bulk optic reference arm can be 

10 eliminated by using a piezoelectric transducer system 

length of the reference arm fiber a rid / or the sample arm fiber. 

The fiber optic based system ensures that the detectors 54 
collecting the two polarization states are always identically aligned 
for thie light reflected from the reference arm and the sample arm, 

15 greatly enhancing the reliability and ease of use of the system. In 
addition to improving the reliability of the system, these changes 
make it possible to use the system for m vivo measurements, as it is 
possible to use an optical fiber to probe the oral cavity! 

: Figure 4 shows an embodiment of a hand-rield fiber optic 

20 dental probe according to the; present invention. The probe 

incorporates ah optical fiber that couples to an imaging system, such 
as a polarimetnc imaging system as shown in Figure 1 having 
polarizers and a CCD camera. 'Alternative^ 

optical fiber is the sample arm coupled to a PS-OCDli/C)CT system, 
25 as shown in Figures 2-3. The OCDR/OCT system provides depth- 
resolved detection of diseased (e.g v carious) lesions wherever the tip 
of the probe touches the sample tissue (e.g., a tooth). This fiber optic 
probe for in vivo diagnosis of caries resembles a dental explorer, a 
device familiar to dental clinician^. 
30 The device 70 comprises a hand-held portion 72 so that the 

operator can manually manipulate the device, and a probe portion 
74 that can be easily inserted into a patient' s mouth. The device can 
be designed so that the probe is manipulated robotically or remotely, 
in which case a handle for ah operator is unnecessary. The shape of 
35 the probe portion 74 is designed to comfortably access as much of 
the oral cavity as possible, arid thus may be curved or angled like a 
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conventional dental explorer so that the tip 76 of the probe reaches 
the posterior portions of the dental cavity. The bends or curves in 
the probe and optical fiber are limited by the radius of curvature at 
which significant amounts of light escape from the fiber, typical 
approximately 0.5 cm. 

The device 70 contains a single mode polarization 
maintaining (PM) optical fiber 78, which independently couples light 
from an imaging system 80 to the tip 76 of the explorer device 70. 
Light is emitted from the tip 76 of the device 70 from the distal end 
of the fiber 78. An optional miniature waveplate can be attached to 
the end of the fiber to cause the linearly -polarized light from the 
fiber to become circularly polarized. Alternatively, a polarization 
maintaining (PM) optical fiber can be used, and trie fiber can be . 
rotated or twisted to vary the polarization. The rotation can be ; 
effected by manually rotating the explorer device or by mechanical 
means within the explorer device connected to the fiber. When the 
imaging system is an (X^DR/OCT system, the device serves as an 
extension of the sample arm, and the system provides depth- 
resolved detection of carious lesions wherever the tip of the explorer 
device touches a tooth. 

Although a single optical fiber device is described in detail, 
the present invention can readily be modified to accommodate a 
multi-fiber bundle) and thus references to a single fiber also extend 
to the use of a plurality of fibers. In a multi-fiber probe, the light 
from the tip of the device is emitted from the distal end of a plurality 
of fibers. The fiber optic bundle is connected to an optical switch 82 
or optical multiplexer, which is used to switch light between the 
fibers in the bundle. The optical switch 82 is connected to the 
imaging system 80. Alternatively, each fiber is connected to separate 
imaging systems 80. 

The probe light emitted from the distal end of the fiber, 78 is 
emitted from the tip 76 of the explorer device 70 and directed at or 
into the hard tissue, such as enamel, at the appropriate location. The 
probe tip 76 may be placed next to a tooth, or slipped between a 
tooth and periodontal tissue. The sriot size is typically less than 50 
urn, and can be on the order of 5 um. The distal end of the fiber is 
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cut and/or polished at an angle, typically approximately 10 degrees, 
to eliminate back reflections. The light can also be directed to the 
tissue through the side of the fiber and probe by angle-polishing the 
fiber tip at a steeper angle, i.e., near 45 degrees, and then coating the 
polished surface with a metal such as aluminum. The probe light, 
which would have been emitted out the end of the fiber 78, is then 
reflected, thus imaging the tissue next to the fiber tip instead of in 
front of it. 

Alternatively, the light may be focused using one or more 
small diameter (e.g., millimeter or submillimeter) optical elements or 
optics, such as gradient index (GRIN) lenses, mirrors, or prisms. The 
focusing /collection optics may be mounted or attached directly to 
the end of the PM fiber, or the light may travel through free space 
from the PM fiber to the optics. If a lens is mounted to the end of the 
fiber, an index matching ultraviolet curable epoxy may be placed at 
the fiber/lens interface to minimize refractive index mismatch and 
reflections. ! : ■■o.--.";. .. 

The probe can be constructed to direct the polarized light at 
any angle or angles relative to the tip. For example; in a; ''forward- 
firing' • device, 1 the light is emitted substantially par allel to the fiber, 
from the very tip of the probe pbrtioh;' Alternatively, the device can 
be "siide-firihg", where the light is emitted from the side of the tip. 
The light may be redirected or focused to the appropriate location by 
angle-polishing the end 6f the fiber or by using small (submillimeter 
diameter) focusing/collection optics, such as a GRIN lens and /or a 
prism. The optics may be attached directly to the PM fiber using an 
index-matching epoxy. The device tip can also be designed to 
permit light to be emitted from one or more PM fibers in one or . 
mbre directions at the tip or through a plurality of openings or 
trarisparent areas at or near the tip. 

: The fiber and focusing/collection optics are preferably 
internal to the handle and probe portions of the explorer device. The 
probe portion may be a small diameter hollow tube, tapering like a 
needle at the tip. The light emitted from the end of the fiber may 
pass through an uncovered opening at or near the tip of the device, 
or through an opening covered by a window of transparent material, 
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or the tip or probe portion may be made of a transparent material. 
Since the tip of the probe is in contact with dental tissues and fluids, 
the tip or probe portion must be detachable and disposable, or 
capable of being sterilized. Suitable materials for making the probe 
5 tip includevglass and metals. Alternatively, a transparent, sterilized, 
disposable cover piece for hygienic purposes can be placed over the 
tip of the probe portion before insertion into the patient' s oral 
cavity. 

Co-pending U.S. patent application, Dental Optical Coherence 
10 Domain Reflectometry Explore^ Serial No. 09/315,000, assigned to 
the same assignee, is incorporated herein by reference and illustrates 
various embodiments of the probe portion of a fiber optic dental . 

explorer device. .. 7\;- 1; 'V-- v.- - ,, \ •' 

After the polarized incident beam interacts with the ; sample ; 

15 (e.g., tooth), the light reflected or backscattered from the tissue is 

then collected by the same optical fiber and detected, by the imaging 
system 80. The information, i.e., the amount of depolarization, is 
then prdcesse&fcy an analyzer M-jif 9 ^rve : as : a .^l. : fgrvclinicians, 
the images processed by the analyzer may . be displayed ,on a video 

20 display monitor, 86 for visual ^ inspection., Alternative 

84 may be programmed? to' send, .a £ig-naUwhen $he. depositation qf 
the illuminated: tissue is witmri % selected range of.^values to .alert the 
ciinician.that diseased tissue may fee. present. For example,; the, 
signal could be iauditory, su^h a^ia s^ri^s of beeps, or in the form of a 

25 visual display* -K; >, ; a .^-i.-vp ■■■*« ■ • 

If the imagingisystemds an OCDR -system,, each measurement 
provides a single point profile pf^pptical scattering and pplarization 
state as a function of depth. By moving or dragging? the dental probe 
transversely in one. direction across a tooth or other tissue, a series of 

30 profiles of tissue microstructure are generated., The collected one- 
dimensional scans are combined ; by the analyzer to form a depth- 
resolved, two-dimensional, cross-sectional OCT image of the 
polarization state of light backscattered from the tooth. 
EXAMPLE I 

35 A prototype optical polarimetry system as shown in Figure 5 

was built and tested to detect caries using the polarization state of 
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light backscattered from enamel. The fiber coupled source is 
indicated at 90, lenses are indicated at 92, polarizers are indicated at 
94, the sample is indicated at 96, a half-wave plate is indicated at 98, 
the beamsplitter is indicated at 100, the detector is indicated at 102, 
and the analyzer to process the data and associated images is 
indicated at 104. The source was a horizontally polarized . 
superluminescent diode operating at a center wavelength of 1310 
nm, with a spectral band of 47 run. The sample consisted of two 
juxtaposed 5 mm wide blocks of porcine enamel, one of which was 
artificially demineralized using an acid bath. The two blocks were 
oriented at 20 degrees tc the normal in the vertical plane to eliminate 
specular reflections. The sample was scanned transversely across the 
incident beam from normal enamel surface to the demineralized 
area. : i ; ■ [•:■■■• 

Depolarization of the scattered light was quantified by the 
extinction ratio of the relative intensities of vertically and 
horizontally polarized scattered light. Figure 6 shows the extinction 
ratio as a function of transverse position: the ratio of horizontally 
versus vertically polarized light scattered from the demineralized 
regiori of the Enamel was approximately half that of the ratio for the 
normal ieriamel; This data demonstrates that the' polarization state of 
scattered light is ah indicator ofdemirieralizatioh State in enamel. 
EXAMPLE fa :'..*■■>-: i 

A bulk optic polarizatidri-sensitive OCT (PS-OCT) system as 
shown in Figure 2 was built and tested to generate cross-sectional 
images of carious lesions. The PS-OCT system used a 15 mW 
superluminescent diode source operating at a center wavelength of 
1310 nm, with a spectral bandwidth of 47 nm (FWHM) which was 
passed through a polarizer, providing 7.5 mW of horizontally , 
polarized light. By measuring the ratio of the heterodyned signals as 
a function of depth in the sample, a longitudinal OCDR signal was 
obtained. 

The sample was scanned transversely across the incident 
beam from the normal enamel surface to the demineralized area, and 
the longitudinal scans at each transverse position were combined to 
generate a two-dimensional OCT map of the polarization state of the 
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returning light. The two heterodyned signals can also be combined 
to generate a polarization-insensitive intensity map. The data 
showed that although the backscattering intensity was only slightly 
affected by the demineralization, the polarization state of the 
5 scattered light clearly delineated the normal enamel from the carious 
region due to depolarization. 

: The ^ polarization-sensitive OCT system was applied to 
scanning extracted human teeth containing naturally occurring 
carious lesions in the enamel. The images generated were compared 

10 to histological sections of the relevant areas of the tooth. The carious 
enamel was clearly delineated by the polarization state of the 
scattered light. 'Both the histology and ttie polarization image 
showed demineralized enamel in the same regions. Vertical stripes 
seen in the images in the normal enamel are caused by birefringence 

15 in the tooth associated with the probe light propagating 

perpendicular to the crystal axes of the enamel These results 
indicated that polarization images ^in PS^CXTT provide accurate 
information for detection of carious lesions. * 

The, foregoing description, of ^^'preferred embodiments of the 
20 invention is presented for purppse§ of niustratipn an 

and is not intended tp be exhaustive or tp ; limit the invention to the 
precise form disclosed. Many modifications and variations are : 
possible in light pfthe above •tea.dung. 
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THE INVENTION CLAIMED IS 

1. A polarization sensitive optical imaging system for 
examining a dental tissue of interest, comprising: 

a source of polarized light; , ; ; ... 
means for directing an incident beam of polarized light 
5 having a known polarization state at the dental tissue; ' 

means for collecting light backscattered from the dental tissue; 
■ and ' "• : • ■ 

means for measuring the degree of depolarization of the 

backscattered light. 

• v.p • ■■■ .:" y :v ; - -. ■ «-/..*; ' 

2. The system as recited in Claim 1 7 further comprising 
means to vary the polarization state of the incident light so that a 
plurality ;of sequentiarbeams of incident light having different 
polarization states can be directed at the denial tissue. 

3. The system as recited in Claim 2, wherein the means to 
vary the polarization is selected from the group consisting of a wave 
plate and a polarization maintaining optical fiber. ""' 

4. The system as recited in Claim I, further comprising 
means for measuring polarization as a function of depth in the 
dental tissue. 

5. The system as recited in Claim 4, wherein the means for 
measuring depth comprises an optical coherence tomography 
system. 

6. The system as recited in Claim 4, wherein the means for 
measuring depth comprises a confocal imaging system. 
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7. The system as recited in Claim 1; further comprising 
means for measuring polarization at one or more selected points on 
the dental tissue. 

8. The system as recited in Claim 7, wherein the means for 
measuring at the selected points comprises an optical coherence 
domain reflectometry system. . 

9. The system as recited in Claim 1, further comprising an 
optical coherence domain reflectometry system. 

10. The system as recited in Claim 1, wherein the means for 
measuring the degree of polarization comprises a polarimetry 
system. 

11. The system as recited in Claim 1, wherein the means for 
directing the incident beam comprises an optical fiber. 

12. The system as recited in Claim 1, wherein the means for 
collecting the backscattered light comprises an optical fiber. 

13. The system as recited in Claim 1, wherein the means for 
directing the incident beam and the means for collecting the 
backscattered light comprise a single optical fiber. 



>..r.U iv. 



14. The system as recited in Claim 1, wherein the means for 
directing the incident beam and. the means for collecting the . 
backscattered light comprise a plurality of optical fibers. 

15. The system as, recited in Cljjim 1, wherein the means for 
directing the incident beam comprises means for directing the 
incident light in a plurality of directions. 

16. The system as recited in Claim 1, wherein the means for 
directing the incident light and the means for collecting the 
backscattered light comprise an optical fiber and a dental probe 
containing the optical fiber, wherein the probe is capable of being 
inserted into an oral cavity. . 
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17. The system as recited in Claim 1, wherein the polarization 
state of the incident beam is selected from the group consisting of 
circularly polarized, elliptically polarized, and linearly polarized. 

18. The system as recited in Claim 1, wherein the polarization 
state of the backscattered light is depolarized relative to the incident 
light, and further comprising an analyzer that determines the 
amount of depolarization, wherein the analyzer is-operably 
connected to the means for measuring the depolarization. 

19. The system as recited in Claim 18, wherein the analyzer 
sends a signal to a system user when the amount of depolarization is 
within a selected range of values. : 

20. The system as recited in Claim 18, wherein the analyzer 
generates an image of depolarization as a function of depth in the 
dental tissue; 

21. The system as recited in Claim 18, wherein the analyzer 
generates an image of depolarization as a function of transverse 
positionon the dental tissue^ ^ ; 

22. The system as recited in Claim 18, wherein the analyzer 
generates an image of depolarization as a function of depth and 
transverse position of the tissue. 

;■- : 23; The system as recited in Claim l, further comprising 
means to scan the incident beam over the dental tissue. 

24. The system as recited in Claim 1, wherein the dental tissue 
comprises a tooth. 

25. A method for examining a dental tissue of interest using a 
polarization sensitive optical imaging system, comprising: 

directing an incident beam of polarized light having a known 
polarization state at the dental tissue; 

collecting light backscattered from the dental tissue; and 
measuring the degree of depolarization of the backscattered 

light. 
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26, the method as recited in Claim 25, further comprising 
sequentially directing a plurality of beams of incident light having 
different polarization states at the dental tissue. 

27. The method as recited in Claim 25, further comprising 
measuring depolarization as a function of depth in the dental tissue. 

28; The-method as recited in Claim 27, wherein measuring 
depolarization as a function of depth is carried out by optical 
coherence tomography. 

- 29. The method as recited in Clairrf 27, wherein measuring 
depolarization as a function of depth is carried out by confocal 
•imaging. . • 

30. The method as recited iri'Claim 25, further comprising 
measuring depolarization at one or more selected points on the 
dental tissue. 

31 The method as recited' in Claim ^ 30/ "wherein measuring 
depolarization at the selected points is carried out by optical 

coherence domain reflectometry. 

r'swi' ■■* :>'. 'f. 1\> . h?»v.^.; 7:-.: :■ • z ••-t.'.* C\ 

32. The method 'as redted ifi ; Glkim 25, wherein measuring the 
degree of polarization is carried out b-y polarimetry. 

33. The method as recited in Claim 25, further comprising 
generating an image of depolarization as a function of transverse 
position on the dental tissue. 

34. The method as recited in Claim 25, wherein directing the 
incident beam and collecting the backscattered light is carried out by 
at least one optical fiber. 

35. The method as recited in Claim 25, wherein directing the 
incident beam comprises directing th£ incident light in a plurality of 
directions. 
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36. The method as recited in Claim 25, wherein directing the 
incident light and collecting the backscattered light is carried out by 
using at least one optical fiber and a dental probe containing the 
optical fiber, wherein the probe is capable of being inserted into an 
oral cavity. 

37. The method as recited in Claim 25, wherein the incident 
light has a polarization state selected from the group consisting of 
circularly polarized, elliptically polarized, and linearly polarized. 

38. The method as recited in Claim 25, further comprising 
analyzing the polarization state of the backscattered light relative to 
the incident light to determine the amount of depolarization. 

39. The method as recited in Claim 38, further comprising 
sending a signal to a system user when the amount of depolarization 
is within a selected rangeof values. 

40. The method as recited in Claim 25, further comprising 
generating an image of depolarization as a function of depth in the 
dental tissue. 

41. The method as recited in Claim 25, further comprising 
generating an image of depolarization as a function of depth and 
transverse position of the tissue. 

42. The method as recited in Claim 25, further comprising 
scanning the incident beam over the dental tissue. 

43. The method as recited in Claim 25, wherein the dental . 
tissue comprises a tooth. 
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